Zinc sulfide nanoparticles with controllable size were synthesized by chemical precipitation. Results from transmission electron microscopy and x-ray powder diffraction showed the samples were grown with the cubic phase. Particle size was varied by varying the molar ratio of zinc chloride to sodium sulfide in the presence of poly(ethylene glycol). The optical band gap was calculated on the basis of ultraviolet-visible spectroscopy and ranged from 4.13 to 4.31 eV depending on particle size. Surface passivation and adsorption of poly (ethylene glycol) on the nanoparticles was explained on the basis of Fouriertransform infrared measurements.
INTRODUCTION
In recent years nanostructured materials have attracted much attention owing to their unique properties compared with conventional macroscopic materials. Studies on controlling the size, structure, and shape of nanomaterials are extremely important, because the unique chemical, physical, electronic, optical, and transport properties of such materials depend on their quantum size and on surface effects. In addition, such investigations can enable us to understand mechanisms that vary with the size, structure, and shape of these materials. 1 Zinc sulfide (ZnS) is an important II-VI group semiconductor material, and it is a promising candidate for optoelectronic devices owing to the wide band gaps of the cubic and hexagonal wurtzite phases. 2, 3 It is more chemically stable than other chalcogenides, and is widely used in many applications, for example field-effect transistors, transductors, sensors, optical coatings, light-emitting devices, solid-state solar cell windows, and photonic crystal devices. [4] [5] [6] [7] Jayalakshmi and Rao 8 extensively studied the suitability of ZnS nanoparticles for applications in non-linear optical devices and fast optical switches. ZnS nanoparticles have excellent transmission properties between 400 and 1200 nm, and a high refractive index, which makes ZnS one of the most promising luminescent materials for novel photonic crystal devices. 9 ZnS crystals are usually polymorphic, with two phases: a cubic phase with an energy gap of 3.71 eV and a hexagonal phase with an energy gap 3.77 eV. 10 The cubic phase is more stable at low temperatures, and is transformed into the hexagonal phase at temperatures above 1000°C. The crystal structure of ZnS has important effects on its physical and chemical properties. In recent decades, much effort has been devoted to the synthesis of high-quality ZnS nanoparticles. 11 ZnS nanoparticles can be prepared as thin films, powder, or colloids 12, 13 by use of such different techniques as sputtering, 14 thermal evaporation, 15, 16 colloidal chemical treatment, 17, 18 sol-gel synthesis, 19 solid-state synthesis, 20 microwave irradiation, 21 ultrasonic irradiation, 22, 23 mechanochemical synthesis, 24, 25 solvothermal synthesis, 26 reverse micelle synthesis, 27 hydrothermal synthesis, 28 and electro-spinning. 29 In this study, ZnS nanoparticles capped by poly(ethylene glycol) (PEG) and with controllable size and stability were synthesized by chemical precipitation at room temperature. The effects of the molar ratio of the precursors zinc chloride (ZnCl 2 ) and sodium sulfide (Na 2 S) on the size and morphological characteristics of the synthesized ZnS nanoparticles were investigated by use of high-resolution transmission electron microscopy (TEM) and x-ray powder diffraction (XRD); the optical properties of the nanoparticles were studied by use of ultraviolet-visible (UV-VIS) spectroscopy.
EXPERIMENTAL Synthesis of ZnS Nanoparticles Capped by PEG
All chemicals were of analytical grade and were used as received without further purification. Distilled water was used as a solvent in all experiments. A simple chemical co-precipitation method was used to synthesize ZnS nanoparticles of different sizes in colloidal solution by using aqueous solutions of ZnCl 2 and Na 2 S in different molar ratios as source materials and PEG as the capping material. In this procedure, ZnCl 2 (0.1 M) and Na 2 S (0.1 M) were dissolved in 500 and 720 ml of distilled water, respectively. The two solutions were stirred continuously for 30 min. A 5 wt.% solution of PEG was stirred to achieve complete dissolution at room temperature. For synthesized sample (S1) with a Zn 2+ :S 2À molar ratio of 1:0.5, 50 ml Na 2 S solution was added drop by drop to 100 ml ZnCl 2 solution with magnetic stirring; 70 ml PEG surfactant solution was then added to the reaction medium. White ZnS nanoparticles precipitated and grew slowly in the solution, in accordance with the reaction:
The precipitate was isolated by filtration and dried at 40°C for 36 h to remove any organic residue, water, and other byproducts formed during the reaction process. After sufficient drying, the precipitate was crushed into a fine powder by use of a mortar and pestle. To study the effects of molar ratio on the size and optical properties of the ZnS nanoparticles, samples with different Zn
2+
:S 2À molar ratios were prepared: S2 (1:0.7), S3 (1:1.5), S4 (1:2), and S5 (1:2.5).
Instruments
XRD measurements were performed with an X'Pert Pro (PANalytical, The Netherlands) with CuKa radiation (k = 0.15406 nm). The x-ray generator was set to an acceleration voltage of 40 kV and filament emission of 40 mA. The spectra were collected in a wide-angle (10°< 2h < 80°) region. Specimens for TEM observations were prepared by dispersing ZnS powder in distilled water and dropping the dispersion on holey carbon grids. Particle morphology and pore structure were observed in detail by use of a high-resolution transmission electron microscope (Jeol JEM-2010) operating at 200 kV. Images were digitally recorded by use of a charge-coupled device (CCD) camera (Keen View). UV-VIS spectra were acquired in the range 1000-200 nm by use of a spectrophotometer (Thermo Scientific Evolution 220). Samples were prepared as suspensions in distilled water. Fourier-transform infrared (FTIR) transmittance spectra of the samples were acquired with an FTIR spectrometer (Jasco 6100) in the mid-IR range by use of the potassium bromide (KBr) method.
RESULTS AND DISCUSSION

Formation of ZnS Nanoparticles Capped by PEG
Preliminary experimental synthesis of ZnS nanoparticles in aqueous PEG solution was performed to understand the effect of ZnCl 2 -to-Na 2 S molar ratios on ZnS nanoparticle formation. The ionic reaction is expressed as:
Synthesis of ZnS nanoparticles capped by PEG is shown schematically in Fig. 1 . The hydroxyl groups of the PEG can cover the surface of the ZnS nanoparticles owing to the presence of van der Waals forces between negatively charged oxygen of the PEG and positively charged groups that surround the surface of the inert ZnS nanoparticles.
XRD Patterns
The crystallographic structure and size of the nanocrystallites were studied by use of XRD. ZnS has two crystalline phases (zinc blend and wurtzite); both have a direct band structure. Figure 2 shows the XRD patterns of as-prepared ZnS nanoparticles grown in PEG by use of different molar ratios of the precursors ZnCl 2 and Na 2 S. Three diffraction peaks were observed in the diffractrogram at 2h°of approximately 28.52°, 48.13°, and 56.75°; these match the (111), (220), and (311) crystalline planes for all the samples (S1-S5). These data can be indexed to the cubic phase with lattice constant a, calculated as 5.4 Å . The results are in good agreement with the values from the JCPDS database (card no. 05-0566) for ZnS nanoparticles. It is clear that the peaks are relatively broad, which is expected for nanoparticles of small size.
Average crystallite sizes were calculated from the bandwidth of the most intense peak (111) by use of the Debye-Scherrer equation, 30, 31 
where d is the coherence length for the spherical crystalline structure, d ¼ 3 4 D, D is the diameter of the particles, k is the wavelength of the x-ray Cu-Ka radiation (k = 0.15406 nm), b is the full width at half maximum (FWHM) of the peak, and h is the angle of diffraction. The calculated particle sizes are listed in Table I . It is apparent that particle size decreases with decreasing Zn 2+ and increasing S 2À concentrations. Owing to the electronic configuration of S 2À (3p 4 ), interaction of S 2À with PEG and oxygen anions is greater than that of Zn 2+ , which has a complete electronic configuration. (3d 10 ). Moreover, particle size increases at first for samples S1 and S2. This may be because the low rate of dropwise addition of Na 2 S caused agglomeration of ZnS and increased the particle size. This agglomeration is because of van der Waals forces between the particles.
TEM Results
The microstructure, morphology, and particle size of ZnS nanoparticles prepared by precipitation with different molar ratios of the precursors were investigated by use of TEM images. Figure 3 shows TEM micrographs of all the samples. It is apparent that the nanoparticles were formed with a nearly spherical shape. Mean particle sizes, estimated from particle size histograms, are listed in Table I . Figure 3 shows that particle size is directly affected by Zn 2 :S 2À ratio. The inset in Fig. 3b (sample S2) shows the corresponding electron diffraction pattern, which consists of a central hole with broad concentric rings around it. These results are typical of a very fine-grained material. The diffraction rings can be indexed on the basis of the cubic ZnS structure. 32 The inset also clearly shows the formation of lattice fringes, indicating the crystalline nature of the as-synthesized samples. The average diameter calculated on the basis of the TEM images is not in agreement with that based on the XRD measurements. The rather large experimental error results from difficulty in determining the size of each nanocrystallite in the agglomerates. Moreover, XRD assumes regular atomic arrangement in the synthesized samples whereas TEM considers the full size of the particles, including the non-crystalline part. 33 Figure 4 shows the optical absorption spectra of the ZnS nanoparticles capped by PEG, prepared by use of different molar ratios of the precursors ZnCl 2 and Na 2 S (ZnCl 2 constant and Na 2 S variable): S1 (1:0.5), S2 (1:0.7), S3 (1:1.5), S4 (1:2), and S5 (1:2.5).
UV-VIS Spectroscopy
It is apparent there is no absorption band in the range 1100-450 nm. There is a sudden increase in absorption below 350 nm, with characteristic absorption shoulders found at 288, 300, 298, 293, and 289 nm for samples S1, S2, S3, S4, and S5 respectively. This absorption peak is used to calculate the band gap of the nanoparticles. 34 The optical band gap was evaluated from the absorption spectrum; the results are listed in Table I . In addition, the edge of the absorption band was calculated from the intersection of the sharply decreasing region of the spectra with the baseline, in accordance with Moffit and Eisenberg. 35 It is apparent the optical band gap for the nanoparticles ranges from 4.13 to 4.31 eV, and the absorption wavelength is blueshifted compared with the bulk compound. The band gap of bulk ZnS is 3.70 eV at 300 K. Corresponding to the quantum confinement effect, electrons in the conduction band and holes in the valence band are spatially confined by the potential barrier of the surface. Because of this confinement, the energy required for the lowest-energy optical transition from the valence band to the conduction band will be increased, effectively increasing the band gap (E g ). 36 This can be regarded as the exciton band for ZnS nanocrystals and proves the existence of ZnS nanoparticles. 37 An exciton is a Coulombcorrelated electron-hole pair and is treated as a crystal potential resulting from perturbation of the Coulomb interaction between an electron and a hole. There are two types of excitons: Wannier-Mott excitons and Frenkel exciton. Wannier-Mott excitons have a typical size of the order of tens of lattice constants and a relatively small binding energy. Exciton binding energies are usually larger than the thermal energy at room temperature and the exciton longitudinal optical (LO) phonon coupling affected the electron-hole Coulomb interaction and increased the exciton binding energy. Wanner-Mott excitons describe the electrons and holes as free particles with parabolic description and characterized by effective masses, therefore it can be applied in our work. The change in the blue shift with the ratio of the precursors indicates a greater reduction of particle size with decreasing Zn 2+ concentration. This blue shift is because of the quantum confinement effect, which is observed for nanoparticles when particle size becomes comparable with or smaller than the exciton Bohr radius. This can be attributed to self-activated defect centers related to Zn vacancies. The shoulder at 300 nm for sample S2 was observed near the edge of the absorption band. This may be because the nanoparticles of sample S2 are larger than those of the other samples; therefore, the number of surface states is reduced. The quantum confinement effect enables adjustment of the emission/excitation wavelengths of the nanoparticles by adjustment of the particle size D(E). Particle size is given by the expression: 38 
where E g is the band gap of the as-prepared samples in eV and D(E) is the diameter of the nanoparticles in nm. In addition, particle size can be calculated by use of the effective mass approximation (EMA). 39, 40 This approach has been used to explain blue shift and energy gap as functions of particle size. The following expression is derived from the effective mass model:
where E nano g is the band gap energy of the nanoparticle, which is determined from the UV-VIS absorbance spectrum, E bulk g is the band gap energy of bulk ZnS at room temperature (3.7 eV), h is Planck's Constant, r is the particle radius (m), m Table I . It is clear that the values of the diameter calculated by use of Eqs. 2 and 3 are nearly equal and the optical band gap increases with decreasing particle size. The absorption spectra of our samples can be described by use of the Drude-Lorentz (DL) model. The DL model describes both excitations, as itinerant charge carriers in the localized state, and inter-band transitions. The absorption spectra were fitted by using this model to quantitatively obtain the energy of the localized state and band-to-band transitions. Figure 5 illustrates the Lorentz function fit and fit components for ZnS nanoparticles synthesized with different Zn 2+ :S 2À molar ratios. According to DL model calculations, two bands E 1 and E 2 are obtained at approximately 4.4 and 4 eV. These two bands can be attributed to the transition from 1S states to 1P states and from 1S states to 1S states of ZnS nanoparticles, respectively. 41 The fitting curve and its components (E 1 , E 2 ) are good matches with the optical data. However, the error bar between the fitting curve and the measured data is most probably because of the contributions at higher energy (above 5 eV) which is not real. Therefore, we have excluded such components from the fitting curve. This interpretation is agreement with that from theoretical investigations and previous work conducted by Chen et al., 41 , Brus, 42 and Rossetti et al. ). Many predictions have been made with regard to the effect of particle size on the electronic structure of ZnS close to the Fermi level. 45, 46 According to the EMA model adopted by Ekimov et al., 46 the edge of the conduction band moves up while the edge of the valence band moves down. In this study, three methods were used to calculate particle size: UV-VIS spectroscopy (i.e., position of the absorption peak), XRD, and direct TEM imaging. The effect of molar ratio on particle size calculated by use of these methods is shown in Fig. 6 . When XRD was used for size determination, no clear correlation was observed because of the substantial strain-induced peak broadening. To estimate the correct particle size of the nanoparticles used in this study, we compared our UV-VIS data with the reliable TEMbased data.
Results from FTIR Spectroscopy
FTIR investigations were conducted to study ZnS nanoparticles prepared by use of different molar ratios of the precursors and capped by PEG. Figure 7 shows FTIR spectra in the range 400-4000 cm À1 . A broad, strong peak at 3300 cm À1 is assigned to the OH groups of PEG. Bands at 2878, 1464, and 1343 cm À1 correspond to C-H stretching and bending vibrations. Bands rising from C-O stretching are merged with the very broad envelope between 1125 and 1000 cm À1 . These two bands arise from C-O and C-O-C bond stretching and C-O-H bending vibrations. The peak at 1094 cm À1 arises from PEG; according to previous work conducted by Tunc et al. and Philip et al., [47] [48] [49] this peak occurs at 1000 cm
À1
. The shift of this peak toward higher frequency is attributed to bending of C-C-O and C-C-H groups on the ZnS nanoparticles. The broad peaks at 625 and 485 cm À1 are attributed to ZnS bonding with oxygen from the hydroxyl groups of PEG chains. Therefore, the FTIR spectra indicate the presence of van der Waals interactions between PEG chains and ZnS nanoparticles.
We investigated the bonding of PEG molecules to the surfaces of ZnS nanoparticles. The binding energy of PEG is higher than that of ZnS so PEG groups bind with ZnS nanoparticle surfaces mainly by formation of Zn-S bonds. ZnS nanoparticles can adsorb more PEG molecules per unit surface area because of the substantially increased curvature. The IR study confirms that the -C-O and -OH groups of PEG have a strong ability to bind with ZnS nanoparticles. The FTIR spectra of ZnS particles prepared by use of different molar ratios of ZnCl 2 and Na 2 S (S1-S5) and capped by PEG are nearly similar, except for a negligible shift in the absorption peaks owing to the interaction between ZnS and PEG. 
CONCLUSION
ZnS nanoparticles of different sizes capped by PEG were successfully prepared. The crystallinity and phase of the synthesized nanoparticles were investigated by use of XRD and TEM. Particle size, estimated to be in the range 2.9-3.3 nm, was varied by varying the concentrations of Zn 2+ and S 2À . A blue shift arising as a result of quantum size was shown by use of UV-VIS spectroscopy. The chemical interaction between PEG and ZnS nanoparticles was discussed on the basis of FTIR data.
